The second-order nonlinear response of bulk GaAs in the terahertz (THz) range is mapped via the THz field emitted after near-infrared interband excitation. Phase-resolved THz detection reveals three nonlinear processes occurring in parallel, the Raman excitation of transverse optical phonons, the creation of coherent polarizations on heavy-hole-light-hole transitions, and the generation of displacive shift currents with a THz spectrum controlled by the near-infrared optical phase. Theoretical calculations reproduce the data and demonstrate the interband character of shift currents. DOI: 10.1103/PhysRevLett.121.266602 Zinc blende semiconductors display large second-order optical nonlinearities χ ð2Þ , which allow for the generation of strong nonlinear polarizations
Zinc blende semiconductors display large second-order optical nonlinearities χ ð2Þ , which allow for the generation of strong nonlinear polarizations P ð2Þ ¼ ϵ 0 χ ð2Þ ∶ EE [1] [2] [3] . In nonlinear optics, second-order polarizations are widely exploited for frequency conversion such as secondharmonic generation or difference-frequency mixing. To avoid absorption losses, these three-wave interaction schemes are typically implemented under nonresonant conditions with the optical frequencies of the interacting fields in the transparency range of the material. Tuning the frequencies to electronic and/or phonon resonances allows for an enhancement of the nonlinearities by the transition dipoles involved, and opens new nonlinear interaction pathways. Impulsive Raman scattering generates coherent transverse optical (TO) phonons, which are both Raman and infrared active [4] . This process is schematically shown in Fig. 1(b) for the band structure of GaAs. Another example is impulsively generated coherences on dipoleallowed heavy-hole-light-hole transitions [5] .
Resonant excitation with photon energies above the fundamental band gap generates so-called shift currents of electron and holes via the bulk photovoltaic effect, which is of second order in the optical field [6] [7] [8] . For shift currents in bulk GaAs, both mechanisms based on intraband [9] [10] [11] [12] and interband [13] [14] [15] [16] [17] [18] currents have been considered. In the intraband picture, the shift current is assigned to photoexcited electron and hole distributions asymmetric in k space giving rise to a current along a particular direction. As the band structure and the photogenerated carrier distributions are inversion symmetric in k space, even for the zinc blende structure without inversion symmetry in real space (time-reversal symmetry of the Hamiltonian leads to Kramer doublets, [19] ), a symmetrybreaking interaction mechanism among the carriers is required for generating a net intraband current [9] [10] [11] [12] . Intraband theories predict a highly structured optical generation spectrum of the shift current, for which some limited experimental evidence has been presented [10, 11] .
The interband picture (first introduced in Ref. [14] ) invokes a spatial charge separation mechanism upon excitation of electron-hole pairs as schematically shown in Fig. 1(a) [13] [14] [15] [16] [17] [18] . We consider the electron density jΨ VB=CB j 2 of a valence-band (VB) wave packet and a conduction-band (CB) wave packet, plotted along the space diagonal of the cubic unit cell. Upon excitation of a VB wave packet into the CB with an identical wave packet envelope [20] , the center of gravity of the electron density shifts to the left [red and blue curves in Fig. 1(a) ]. According to band-structure calculations [21] [22] [23] , eigenstates at the maximum of the VB concentrate the electron density on the As anions whereas those at the minimum of the CB on the Ga cations [18] . This is a consequence of the Coulomb potential of the nuclei (black curve), which has deeper minima on the As anions than on the Ga cations. As a result, a shift current occurs, which is proportional to both the electron-hole (eh) generation (recombination) rate dn eh =dt and the involved displacement Δr VB↔CB of the electronic charge (e: elementary charge):
So far, the theoretical and limited experimental work on shift currents in GaAs has mainly addressed photon energies close to the fundamental band gap. In contrast, the second-order nonlinear response in the terahertz (THz) frequency range has remained mainly unexplored. This range is particularly interesting as the overall nonlinearity should reflect the interplay of contributions from TO phonons [4] , from coherences on transitions between the anisotropic valence bands [5] , and from shift-current components [15, 17] . In this Letter, we present a systematic experimental and theoretical study of the resonantly excited second-order THz response of bulk GaAs. A (111)-oriented sample is excited by femtosecond pulses centered at different photon energies between 1.35 and 1.9 eV. The nonlinear response is mapped via the sample's THz emission. A fully phase-resolved detection of the emitted THz field reveals three distinct contributions originating from coherent shift currents with a partial intervalence band component, coherent heavy-hole-light-hole polarizations, and coherent TO phonons. The shift currents can be tailored by changing the optical phase in the near-infrared excitation process. The observed behavior is fully reproduced by detailed theoretical calculations based on a pseudopotential band structure.
In the experiments, tunable femtosecond pulses were generated at a 1 MHz repetition rate using an optical parametric amplifier (Opera-F; Light Conversion) pumped by an Yb-based laser system (Monaco; Coherent). The compressed pulses of 20-40 fs duration are split into pump pulses (pulse energy 0.5 μJ, Gaussian shape, beam diameter 3 mm) exciting the sample and probe pulses for electrooptic (EO) sampling of the emitted THz radiation. Determined by the duration of the optimally compressed probe pulses, electro-optic sampling can measure frequencies up to 18 THz. Most experiments were performed with a 10 μm-thick h110i-oriented ZnTe layer attached to a thick inactive h100i-oriented ZnTe substrate. For detection within the reststrahlen band of ZnTe between 5.3 and 6.2 THz, complementary measurements are performed with a GaP crystal (thickness 200 μm, reststrahlen band 10.9 to 12.1 THz) [24] . In the pump arm we introduced additional dispersive optics to control the frequency chirp of the pump pulses. All measurements are performed in a nitrogen atmosphere at ambient temperature (T ¼ 300 K).
The sample is a 250-nm-thick h111i-oriented GaAs layer [ Fig. 1(c) ] mounted on a glass substrate. The h111i orientation was chosen because any nonvanishing second-order nonlinearity involves all Cartesian coordinates, i.e., 
In a first series of experiments the nonlinearly emitted electric field E THz ðtÞ [ Fig. 2(a) ] was measured for different photon energies of the excitation pulses. The THz waveform shows a main subpicosecond transient followed by long-lasting oscillations. In a second series (ℏω ex ¼ 1.56 eV), we kept the polarization geometry fixed and performed a rotation of the sample around its h111i axis by the azimuthal angle Φ azi [ Fig. 1(c) ]. As a function of Φ azi we observe transients of identical temporal shape but with different amplitudes of the electric field. The normalized amplitudes are shown in Fig. 2(b) (symbols) together with the expected result EðΦ azi ; tÞ ¼ cosð3Φ azi ÞEðΦ azi ¼ 0; tÞ according to Eq. (2) .
The transients shown in Fig. 2 (a) contain components of distinctly different frequencies depending on the excitation energy. To generate data in the spectral range blocked by the reststrahlen band of ZnTe (5.3-6.2 THz), we performed complementary measurements with a GaP crystal for EO sampling. A Fourier transform of the ZnTe and GaP data sets into the frequency domain provides the spectral amplitudes and phases of the transients. The relative spectral phases were adjusted in the spectral range covered by both measurements and the reststrahlen gap in the ZnTe spectra was bridged with the scaled spectral components from the GaP data [24] . A Fourier back transform to the time domain then gives the total signal transient plotted in Fig. 3(a) .
The spectrum of the total signal transient is presented in Fig. 4(a) . There are three major components with maxima at 3, 8, and 12 THz. The narrow-band emission at 8 THz stems from coherent TO phonons excited by a resonant impulsive Raman process explained in Fig. 1(b) . For a 2nd-order (dipole-allowed) interaction sequence the coherent phonon amplitude is generated by the Raman process and radiates via its infrared dipole, a behavior typical for TO phonons belonging to the irreducible representation Γ 15 of the point group43m [4] , since these phonons are both Raman and infrared active. We fitted an exponentially decaying sine wave convoluted with a Gaussian [ Fig. 3(b) ] to the transient in Fig. 3(a) at late times (t > 0.5 ps). The corresponding Fourier spectrum is shown in Fig. 4(a) (cyan line).
After subtracting the coherent TO-phonon contribution from the experimental spectrum, there are two components left with maxima at 3 and 12 THz. A Fourier back transform to the time domain provides the transients plotted in Figs. 3(c) and 3(d) . They display a markedly different time structure: the high-frequency transient [ Fig. 3(c) ] exhibits a damped oscillatory behavior, while the lowfrequency field in Fig. 3(d) follows the second time PHYSICAL REVIEW LETTERS 121, 266602 (2018) 266602-3 derivative of the envelope of the near-infrared excitation pulses. It should be noted that frequency components below 1 THz (wavelength λ > 300 μm) suffer strong diffraction losses in the optical setup and, thus, are not measured.
For theoretical calculations we use a local pseudopotential band structure including spin-orbit splitting [21] [22] [23] . The pseudopotential parameters were taken from Ref. [23] apart from V S ð ffiffi ffi 3 p Þ, V A ð ffiffi ffi 3 p Þ, and λ S . These three parameters were adjusted to yield the band gap (E g ¼ 1.424 eV), the spin-orbit splitting (Δ SO ¼ 0.341 eV), and the heavyhole mass in [100] direction (0.4m 0 ) at room temperature [25] . As in Ref. [23] , reciprocal lattice vectors G with jGj ≤ 22π=a were considered, resulting in 102 bands (including a factor of 2 because of spin). Using this band structure, the interaction with the external electric field is included in the velocity gauge [26] 
the density matrix is solved with the initial condition that all valence bands are filled and all conduction bands are empty. Apart from the interaction with the electric field a phenomenological decoherence of all nondiagonal elements of the density matrix with a time constant of 250 fs [27] is included. The electric field emitted by an electron is proportional to the trace of the density matrix times the velocity operator. The total emitted field from all electrons is obtained by solving the density matrix on a grid (up to a dimension of 47 × 47 × 47) of initial k 0 . The calculation does not include the interaction with phonons and excitonic effects.
The spectra of the total interband shift current calculated for the present experimental conditions are shown in Fig. 4(c) . The width of the current spectra depends strongly on the frequency chirp of the near-infrared excitation pulses. Excitation by bandwidth-limited 30 fs pulses generates the widest current spectrum, while positively chirped pulses (carrier frequency increases with time) of longer duration induce currents of decreasing spectral width. Longer pulses are connected with a decrease of the carrier generation rate in Eq. (1) and a concomitant narrowing of the spectrum. This phase-sensitive behavior holds potential for steering coherent THz shift currents by controlling near-infrared optical phases, a novel perspective of optical control. Our calculations [black line in Fig. 2(c) ] in line with Refs. [18, 28] reproduce the shift-current contribution (circles) well up to about ℏω ex ¼ 1.7 eV [29] . Our experimental data and those obtained earlier with narrow-band pulses [15] do not agree with the results in Ref. [10] . Consequently, this (intraband) theory has to be ruled out because it predicts a strong decrease of the shift current for photon energies above 1.46 eV (band gap þ one LO-phonon energy), which is not observed. The TO-phonon contribution (diamonds) has finite values even at the band gap ℏω ex ¼ 1.4 eV similar to the resonance behavior shown in Fig. 4 of Ref. [4] .
The solid lines in Fig. 4 (c) represent the spectra of currents due to coherent HH ↔ LH coherences. Their frequency is determined by the HH ↔ LH energy separation in the k range of optically coupled states [30] . Again, the amplitude is strongly chirp dependent and decreases with increasing pulse duration. With increasing pulse duration, the blue and red components of the driving pulse have less and less temporal overlap as sketched in the inset of Fig. 4(b) , thus reducing the amplitude of the generated intervalence-band polarization.
In Fig. 4(a) , the experimental spectrum (symbols) is compared with a theoretical spectrum (red curve, after removing low-frequency components due to diffraction losses as in the experiment). This spectrum was calculated with a positively chirped driving pulse of 120 fs duration, i.e., 4 times longer than its bandwidth-limited counterpart Fig. 3(a) . Cyan curve: Fourier transform of the TO-phonon contribution in Fig. 3(b) . Red curve: model calculation (ℏω ex ¼ 1.56 eV) of the pure electronic contribution to the nonlinear signal generated by a positively chirped driving pulse with a pulse length of Δt FWHM ¼ 120 fs. (b) Experiment (symbols) and theory (blue curve) for a driving pulse with less chirp (Δt FWHM ¼ 90 fs). Inset: electric field of two differently chirped driving pulses. (c) Calculated spectra of shift-current contributions (dashed lines) and contributions due to coherent HH ↔ LH polarizations (solid lines) for positively chirped driving pulses with durations as indicated. of 30 fs. We find a good agreement with the experiment in both the spectral and the time domain [ Fig. 3(a) ]. The relevance of frequency chirp is supported by a second experiment and calculation for a driving pulse with less chirp (Δt FWHM ¼ 90 fs) as shown in Fig. 4(b) . Theory predicts a destructive interference between the coherent HH ↔ LH polarizations and the shift current around 8 THz, i.e., the sharp dip in the red curve shown in Fig. 4(a) . It should be emphasized that the picture of optically generated interband currents accounts quantitatively for the observed nonlinear behavior.
In conclusion, we presented a systematic experimental and theoretical study of the second-order nonlinear terahertz response of gallium arsenide. In our experiments we excited a (111)-oriented thin layer of bulk GaAs with femtosecond optical pulses and monitored the coherent THz emission by electrooptic sampling. The nonlinearly emitted THz field consists of three different contributions: shift currents due to displacive electron-hole generation, coherent emission of both heavy-hole-light-hole polarizations and resonance-Raman excited coherent TO phonons. The experiments show polarization properties in full agreement with the symmetry of the second-order conductivity tensor and are in agreement with theoretical calculations based on a pseudopotential band structure calculation. For a large positive chirp the intervalenceband contribution spectrally separates from the shiftcurrent contribution.
